Objective and rationale Alcohol and nicotine are commonly co-abused; one possible explanation for co-abuse is that each drug ameliorates the aversive effects of the other. Both drugs have dose-dependent effects on learning and memory. Thus, this study examined the interactive effects of acute ethanol and acute, chronic, or withdrawal from chronic nicotine on fear conditioning in C57BL/6J mice. Materials and methods Conditioning consisted of auditory conditioned stimulus-foot-shock unconditioned stimulus pairings. For acute studies, saline or ethanol, then saline or nicotine was administered before training, and saline or nicotine was also administered before testing. For chronic and withdrawal studies, saline or nicotine was administered chronically, and ethanol or saline was administered before training. Results Acute nicotine (0.09 mg/kg) reversed ethanolinduced deficits (1.0 and 1.5 g/kg) in contextual and cued fear conditioning, whereas a low dose of ethanol (0.25 g/kg) reversed nicotine (6.3 mg kg −1 day −1 ) withdrawal-induced deficits in contextual conditioning. Tolerance developed for the effects of nicotine on ethanol-induced deficits in conditioning and cross-tolerance between chronic nicotine and acute ethanol was seen for the enhancing effects of ethanol on conditioning.
Introduction
Ethanol and nicotine are the two most commonly co-abused drugs, and many studies report a positive correlation between high-risk heavy use of each (Dawson 2000; John et al. 2003; Larsson and Engel 2004) . For example, smoking rates have decreased in the general population, yet alcoholics are less successful at quitting smoking than the general population (Dawson 2000) . In addition, smokers are at higher risk for alcohol dependence than non-smokers (John et al. 2003) , and decreased smoking is associated with better outcomes in alcohol abstinence (Friend and Pagiano 2005) . Although studies have shown that nicotine interacts with other drugs such as cocaine in modulating reward pathways (Kelley and Rowan 2004) and that cocaine can reverse locomotor deficits in nicotine-withdrawn mice (Vihavainen et al. 2006) , quitting cocaine use is not associated with increased smoking (Patkar et al. 2006) . Furthermore, the nicotine patch does not produce tolerance to the positive effects of cocaine or caffeine (Sobel et al. 2004 ). This suggests that there is some specificity in the molecular and behavioral interactions of ethanol and nicotine.
Whereas the legality of both nicotine and ethanol is undoubtedly a factor in the co-abuse, research suggests that other factors may also be involved. Interactions between the drugs may contribute to co-abuse. For example, co-use may enhance reward; co-administration of ethanol and nicotine produces additive effects on dopamine release in the nucleus accumbens, a key component in the reward pathway (Tizabi et al. 2007 ). In addition, the amelioration of the aversive properties of one drug by the other may also contribute to co-abuse. Furthermore, the development of cross-tolerance between nicotine and ethanol (Collins et al. 1988 (Collins et al. , 1993 (Collins et al. , 1996 could lead to increased drug use.
Changes in learning and synaptic plasticity have been strongly implicated in addiction (Hyman et al. 2006; Kalivas and O'Brien 2007; Kelley 2004) , but the effects of coadministration of ethanol and nicotine on learning are only beginning to be elucidated. Many studies have demonstrated that impairments in learning and memory are associated with high doses of ethanol; this is seen for tasks that include passive avoidance, delay matching-toposition, free recall, radial maze, and both delay and trace fear conditioning (Bammer and Chesher 1982; Gibson 1985; Gould 2003a; Higgins et al. 1992; Weitemier and Ryabinin 2003) . Research has also demonstrated that acute nicotine enhances learning in many of the same tasks (Davis et al. 2005b; Gould and Lommock 2003; Hahn et al. 2002; Rezvani and Levin 2003) . Although few studies have examined the interactive effects of ethanol and nicotine on cognitive tasks, research suggests that nicotine is able to reverse ethanol-induced impairments in fear conditioning, cued and free recall, and conditioned taste aversion (Gould and Lommock 2003; Kunin et al. 1999; Meyerhoff et al. 2006) , whereas ethanol blocks the enhancing effects of nicotine on other measures (Rezvani and Levin 2003) . If nicotine can reverse ethanol-induced cognitive deficits, this may be one factor in the co-abuse of these drugs.
Chronic drug effects may also contribute to the co-abuse of ethanol and nicotine. In support, smokers report feeling less intoxicated compared to non-smokers after administration of an identical dose of alcohol (Madden et al. 1995) , suggesting that chronic administration of nicotine may produce tolerance to some of the effects of ethanol. In fact, in mice, the pharmacodynamic effects of ethanol and nicotine result in asymmetrical cross-tolerance between the drugs. Chronic nicotine treatment decreases sensitivity to some of the impairing effects of acute ethanol, but chronic ethanol treatment does not alter the effects of acute nicotine (Collins et al. 1988 (Collins et al. , 1993 (Collins et al. , 1996 Lopez et al. 2001) . Although it has been demonstrated that chronic nicotine treatment results in tolerance to the effects of nicotine on fear conditioning (Davis et al. 2005a) , no studies have yet examined whether chronic nicotine treatment produces cross-tolerance to the effects of ethanol on fear conditioning.
Just as ethanol may interact with the chronic effects of nicotine, ethanol may alter nicotine withdrawal symptoms.
Whereas acute nicotine enhances contextual fear conditioning, withdrawal from nicotine disrupts contextual conditioning (Davis et al. 2005a ). Thus, fear conditioning is impaired by both high doses of ethanol and withdrawal from chronic nicotine, yet it is unclear whether there are additive effects of ethanol treatment and nicotine withdrawal. If such additive effects exist, they may contribute to the difficulty alcoholics experience in abstaining from nicotine. Moreover, it has been demonstrated that low doses of ethanol enhance learning (Gulick and Gould 2007; Hernandez and Powell 1986; Hernandez and Valentine 1990) ; thus, a dose of ethanol that enhances learning could reverse nicotine withdrawal deficits.
The present study used contextual and cued fear conditioning to examine the interactive effects of ethanol and nicotine on both types of learning. A goal of the current study was to examine how acute, chronic, and withdrawal from chronic nicotine interact with a range of acute doses of ethanol that includes both impairing and enhancing doses. Finally, we also examined whether nicotine administration altered blood alcohol concentration to determine whether the interactive effects of ethanol and nicotine are due to changes in the metabolism of ethanol.
Materials and methods

Subjects
Male C57BL/6J mice (Jackson Laboratory, Bar Harbor, ME, USA) housed in groups of four mice per cage with ad libitum access to food and water were tested at 8-12 weeks of age (20-30 g; 8-14 mice per condition). A 12-h lightdark cycle (lights on at 7:00 A.M.) was maintained, with all testing done between 9:00 A.M. and 5:00 P.M. Procedures were approved by the Temple University Institutional Animal Care and Use Committee.
Apparatus
Training and context testing took place in identical conditioning chambers housed in sound-attenuating boxes (MED Associates, St. Albans, VT, USA) as described in Gulick and Gould (2007) . A computer running MED Associates software controlled presentation of stimuli. Chambers were cleaned with 70% ethanol before each session. Testing for freezing to the conditioned stimulus (CS) occurred in a separate room in altered context chambers that were housed in sound-attenuating boxes. In addition to the difference in location of the chambers, visual cues, chamber dimensions, floor construction, and a vanilla extract olfactory cue (no olfactory cue was present in the training chambers) further distinguished the altered context chambers from the original training chambers.
Procedure
Two CS-US pairings
On training day, mice were placed in conditioning chambers. After a 120-s baseline period, they received two co-terminating CS (30-s, 85-dB white noise)-unconditioned stimulus (US; 2-s, 0.57-mA foot shock) pairings. At 120 and 270 s, the CS sounded for 30 s; the US occurred during the last 2 s of the CS. The mice remained in the chamber for 30 s after the second CS-US presentation for a total of 5.5 min. Baseline freezing behavior was recorded during the first 120 s, and immediate freezing was recorded between the first and second CS presentations (methods based on Gould and Higgins 2003) . Mice were tested 24 h after training. Freezing to the context was assessed and then freezing to the CS was assessed 1 h later. To evaluate freezing to the context, mice were placed in the training chamber for 5 min, and freezing was recorded. To evaluate freezing to the CS, mice were placed in the altered context. During the first 3 min of the altered context test, the CS was not presented (pre-CS test) . During the last 3 min, the CS was continuously presented (CS test). Freezing was assessed during the entire 6-min period.
We tested whether acute nicotine shifts the dose-response curve for the acute effects of ethanol on fear conditioning. Following protocols from prior research (Gould 2003a) , saline or ethanol (0.5, 1.0, 1.5 g/kg) was administered 15 min before training, via intraperitoneal (i.p.) injection, with saline or 0.09 mg/kg nicotine administered i.p. 5 min before training and testing both for contextual and for cued conditioning. Due to the partial reversal of ethanol-induced deficits in fear conditioning by 0.09 mg/kg nicotine, a second experiment examined the effects of a lower and a higher dose of nicotine (0.045 or 0.18 mg/kg) on the disruption of fear conditioning by ethanol. To test whether chronic nicotine alters the learning deficits associated with ethanol treatment, mice were chronically treated with saline or 6.3 mg kg −1 day −1 nicotine for 14 days. This dose of nicotine was chosen based on previous research indicating that 6.3 mg kg −1 day −1 nicotine produces plasma nicotine levels that are similar to those produced by acute administration of 0.09 mg/kg of nicotine (Davis et al. 2005a) . Training occurred on day 13; either saline or ethanol (0.5, 1.0, 1.5 g/kg) was administered i.p. 15 min before the training session, and testing occurred on day 14. We also examined whether the deficits in contextual fear conditioning produced by acute ethanol and withdrawal from chronic nicotine were additive. Mice were chronically treated with saline or 6.3 mg kg −1 day −1 nicotine for 12 days, after which, the osmotic mini-pumps were removed. Training occurred 24 h later on day 13, and either saline or ethanol (0.5, 1.0, 1.5 g/kg) was administered i.p. 15 min before the session. Testing occurred on day 14.
One CS-US pairing
To test if the interactive effects of nicotine and ethanol on cued fear conditioning were dependent on the level of conditioning and to rule out potential ceiling effects, we conditioned mice with a single CS-US pairing and a shorter duration CS. On training day, mice were placed in conditioning chambers in which they received a single coterminating CS (15-s, 85-dB white noise)-US (2-s, 0.57-mA foot shock) pairing 135 s after the baseline period. The mice remained in the chamber for 30 s after the end of the CS-US presentation for a total of 3 min (based on Gould et al. 2004 ).
Mice were tested 24 h after training as described for the two CS-US pairing protocol. This reduced conditioning paradigm was used to examine the interactive effects of an acute dose of ethanol that enhanced learning (0.25 g/kg i.p. 15 min before training) with acute (0.09 mg/kg i.p. 5 min before training and each testing session), chronic (6.3 mg kg
day −1 for 14 days), and withdrawal from chronic nicotine on fear conditioning.
Cued test first
To test whether there is an order effect on testing day, we examined whether the effects of ethanol and nicotine would differ if testing for cued conditioning occurred before testing for contextual conditioning. Following the two CS-US pairing protocol discussed previously, with the exception that cued testing occurred 1 h before context testing, saline or ethanol (0.5, 1.0, 1.5 g/kg) was administered i.p. 15 min before training and saline or 0.09 mg/kg nicotine administered i.p. 5 min before training and both testing sessions.
Scoring
Freezing behavior was observed using a time-sampling procedure. At 10-s intervals, mice were assessed for 1 s for freezing as defined as the absence of visible movement with the exception of respiration (based on Gould and Wehner 1999 ).
Blood alcohol concentration
The effects of nicotine on blood alcohol concentrations (BACs) were assessed. Mice (four to five per condition) received injections of ethanol (0.25, 0.5, 1.0, 1.5) 15 min before blood collection and injections of saline or nicotine (0.09 mg/kg) 5 min before blood collection. These time points were chosen to approximate the blood alcohol levels during training. Blood was collected in a capillary tube (Analox Instruments, Lunenberg, MA, USA) and spun down in a centrifuge for 2 min at 14,000 rpm. The plasma was then analyzed by an AM1 Analyzer (Analox Instru-ments) to obtain BAC (mg/dl). Each sample was analyzed twice, and a mean from the two readings was used for data analysis (Gould and Lommock 2003) .
Drugs
Acute nicotine (nicotine hydrogen tartrate salt dissolved in physiological saline, 0.045, 0.09, or 0.18 mg/kg i.p., doses reported as freebase weight; Sigma, St. Louis, MO, USA) was administered 5 min before training and before both testing sessions. Because nicotine is present at both training and testing for the chronic treatment condition, acute nicotine was also administered before training and before each testing session. Chronic nicotine (6.3 mg kg
dissolved in physiological saline) was administered via osmotic mini-pump (model 1002; Alzet, Cupertino, CA, USA), for 12-14 days. Ethanol (0.25, 0.5, 1.0, 1.5 g/kg dissolved in saline, Fisher Scientific, Pittsburgh, PA, USA) was given i.p. 15 min before each training session. Injection volume for nicotine was 0.01 ml/g body weight and ethanol was 20% v/v in saline. Controls received physiological saline. Dose, injection route, and administration time were based on prior research (Gould 2003a; Gould and Lommock 2003; Gould and Wehner 1999) .
Surgeries
Mini-osmotic pumps that administered 0.25 μl/h of solution were filled with 100 μl of nicotine or saline solution and inserted subcutaneously via an incision in the middle back of the mouse. For withdrawal experiments, pumps were removed 12 days after the initial surgery. Surgeries were performed under sterile conditions with 5% isoflurane used as an anesthetic.
Statistical testing
Data were analyzed using a two-way analysis of variance (ANOVA) for most behavioral studies. Tukey's post hoc analysis was used to identify significant individual differences at the p<0.05 level. Blood alcohol concentration data were analyzed with a one-way ANOVA, as were the cued test first data. Statistics were calculated with SPSS (Version 13; SPSS, Chicago, IL, USA).
Results
Coadministration of acute ethanol with acute nicotine
We examined whether acute nicotine (0.09 mg/kg) shifts the dose-response curve for ethanol (0.5, 1.0, or 1.5 g/kg)-induced disruption of contextual and cued fear conditioning.
The levels of baseline freezing, measured before the first CS presentation, and of immediate freezing, measured between the first and second CS presentation, were similar across all groups. Significant main effects of ethanol, F (3,60)=167.85, p<0.001, and of nicotine, F(1,62)=120.51, p<0.001, on freezing to the context on testing day were found. There was no significant interaction of ethanol and nicotine on freezing to the context. There was a significant main effect of ethanol on freezing to the CS on testing day, F(7,56)=45.37, p<0.001, and a significant interaction of ethanol and nicotine on freezing to the CS on testing day, F (3, 60)=4.29, p<0.01. There was no significant difference in freezing during the pre-CS period (Fig. 1) . Post hoc analysis revealed that for context testing, groups administered 1.0 and 1.5 g/kg ethanol froze significantly less than the saline and 0.5 g/kg ethanol groups (p<0.001). The 0.5 g/kg ethanol group was not significantly different from the saline group. Nicotine enhanced learning in the saline and 0.5 g/kg ethanol groups compared to controls (p<0.001). Nicotine also partially reversed the deficits seen with higher doses of ethanol such that nicotine-treated groups froze significantly more than the saline-treated groups administered 1.0 or 1.5 g/kg ethanol (p <0.001). The group administered 1.0 g/kg ethanol and nicotine was not significantly different from saline controls; the group administered 1.5 g/kg ethanol and nicotine froze significantly less than groups administered saline or 0.5 g/kg ethanol (p<0.001), but more than the group administered 1.5 g/kg ethanol alone (p<0.001).
Post hoc analysis of cued fear conditioning revealed that groups administered 1.0 or 1.5 g/kg ethanol froze significantly less than groups administered saline or 0.5 g/kg ethanol (p<0.001). Nicotine partially reversed this deficit such that groups administered nicotine with 1.0 or 1.5 g/kg ethanol froze significantly more than groups administered saline and ethanol (p<0.001). The group administered 1.0 g/kg ethanol and nicotine was not significantly different from saline controls; the group administered 1.5 g/kg ethanol and nicotine froze significantly less than controls (p<0.001) but more than the group administered 1.5 g/kg ethanol alone (p<0.001). Nicotine had no significant effect on the groups administered saline or 0.5 g/kg ethanol. Thus, acute nicotine shifted the dose response curve for the disruption of contextual and cued conditioning by ethanol to the right.
The next experiment examined whether a higher dose of nicotine (0.18 mg/kg) could fully reverse ethanol (1.0 g/kg)-induced deficits in conditioning. The levels of baseline freezing and immediate freezing were similar across all groups. A significant effect of ethanol on freezing to the context and to the CS on testing day was found, F(1,26)= 88.05, p<0.001 and F(1,26)=4.71, p<0.05, respectively, but no other significant effects were found.
Post hoc analysis revealed that during both context and cued testing, the groups administered ethanol [context ethanol alone, mean (mean percent freezing)=29.17; cued ethanol alone, mean=73.61; context ethanol and nicotine, mean=26.67; cued ethanol and nicotine, mean=77.08] froze significantly less than control groups (context, mean=52.97; Cued, mean=85.42) regardless of nicotine administration (p<0.05).
Similarly, we also examined whether a lower dose of nicotine (0.045 mg/kg) could fully reverse ethanol (1.0 g/kg)-induced deficits in conditioning. The levels of baseline freezing and immediate freezing were similar across all groups. Significant main effects of ethanol, F(3,23)=120.59, p<0.001, and of nicotine, F(1,25)=11.63, p<0.01, on freezing to the context on testing day were found; a significant main effect of ethanol on freezing to the CS on testing day was also found, F(3,23)=11.63, p<0.001. There were significant interactions of ethanol and nicotine on freezing to the context and the cue on testing day, F(3,23)= 17.31, p<0.001 and F(3,23)=4.33, p<0.05, respectively. There was no significant difference in freezing during the pre-CS period.
Post hoc analysis revealed that during context testing, the groups administered ethanol (saline and ethanol, mean= 10.48; nicotine and ethanol, mean=16.19) froze significantly less than the other groups (saline alone, mean=45.71; saline and nicotine, mean=28.09; p<0.05). In cued testing, the group administered nicotine and ethanol (mean=57.94) froze significantly more than the group administered ethanol alone (mean=46.83) but significantly less than the group administered saline alone (mean=88.10; p<0.05). The nicotine alone group (mean=76.19) was not significantly different from the control group. These results indicate that the 0.09 mg/kg dose of nicotine is most effective for reversing ethanol-associated deficits in fear conditioning.
Coadministration of acute ethanol with chronic nicotine
The next experiment examined whether chronic nicotine (6.3 mg kg −1 day −1 nicotine for 14 days) altered the effects of acute ethanol (0.5, 1.0, or 1.5 g/kg) on fear conditioning. If tolerance develops for the effects of nicotine on ethanolinduced deficits in fear conditioning, then a chronic dose of nicotine that has been shown to produce the same plasma nicotine levels as the 0.09 mg /kg dose of acute nicotine (Davis et al. 2005a) should not reverse ethanol-induced deficits in fear conditioning. The levels of baseline freezing and immediate freezing were similar across all groups. Significant main effects of ethanol, F(3,60)=26.96, p< 0.001, and nicotine, F(1,62)=8.18, p<0.01, on freezing to the context at testing were found, as well as a significant main effect of ethanol on freezing to the CS at testing, F(3,60)=14.84, p<0.001. There was no significant difference in freezing during the pre-CS period and no significant interaction of ethanol and nicotine on freezing in either test (Fig. 2) . Post hoc analysis revealed that during the context testing, all groups treated with 1.0 g/kg or 1.5 g/kg ethanol, as well as the group treated with both 0.5 g/kg ethanol and Fig. 1 Acute nicotine reversed ethanol-induced impairments in contextual and cued conditioning (mean±SEM; asterisk indicates significant difference from controls, p<0.05; number sign indicates significant difference between nicotine and saline treatment within each ethanol condition, p<0.05) chronic nicotine, froze significantly less than the salinetreated controls (p<0.05). Post-hoc analysis also revealed that groups in the 1.5 g/kg ethanol conditions froze significantly less to the cue than groups administered saline or 0.5 g/kg ethanol (p<0.05) regardless of nicotine treatment. This shows that administration of 6.3 mg kg −1 day −1 of chronic nicotine produced tolerance for the ability of nicotine to reverse the ethanol-induced deficits in both contextual and cued conditioning, and slightly sensitized mice to the disruptive effects of ethanol, as deficits were seen in contextual fear conditioning in the group administered chronic nicotine and 0.5 g/kg ethanol. There were no significant differences between saline-and nicotine-treated groups that did not receive ethanol. Thus, tolerance was also seen for the ability of nicotine to enhance contextual fear conditioning, as reported previously (Davis et al. 2005a ).
Administration of acute ethanol after withdrawal from chronic nicotine treatment
The interactive effects of withdrawal from chronic nicotine and acute ethanol on fear conditioning were also examined. The levels of baseline freezing and immediate freezing were similar across all groups. Significant main effects of ethanol, F(3,80)=72.64, p<0.001, and nicotine, F(1,82)=15.15, p< 0.001, on freezing to the context at testing were found, as well as a significant main effect of ethanol on freezing to the CS, F(3,80) = 18.78, p <0.001. There was also a significant interaction of ethanol and nicotine on contextual freezing at testing, F(3, 80)=3.15, p<0.05 (Fig. 3) . No significant difference in freezing during the pre-CS period existed. Post hoc analysis revealed that for the context testing, the groups administered 1.0 and 1.5 g/kg ethanol froze significantly less than the saline-treated group (p<0.05). Additionally, nicotine-withdrawn groups administered saline or 0.5 g/kg ethanol froze significantly less than salinewithdrawn groups administered saline or 0.5 g/kg ethanol (p<0.05), but nicotine-withdrawn groups administered 1.0 or 1.5 g/kg ethanol were not significantly different from saline-withdrawn groups administered 1.0 or 1.5 g/kg ethanol. Post hoc analysis also revealed that groups administered 1.5 g/kg ethanol froze significantly less to the cue than all other groups (p<0.05). There were no other significant differences. Thus, withdrawal from chronic nicotine only altered contextual fear conditioning and did not interact with the ethanol doses tested.
Coadministration of a lower dose of ethanol with nicotine
We examined if 0.25 g/kg ethanol, a dose shown to enhance fear conditioning in mice (Gulick and Gould 2007) , would alter the effects of acute nicotine on fear conditioning. To avoid potential ceiling effects in the enhancement of fear conditioning, we reduced the strength of conditioning by using a single 15-s CS. The levels of baseline freezing and immediate freezing were similar across all groups. Significant main effects of ethanol, F(3,28)=8.17, p<0.01, and nicotine, F(1,31)=6.50, p<0.05, on freezing to the context at testing were found, as well as a significant main effect of Fig. 2 Acute ethanol impaired contextual and cued conditioning, but chronic nicotine did not reverse these deficits and actually contributed to deficits in contextual fear conditioning with the 0.5 g/kg dose of ethanol (mean±SEM; asterisk indicates significant difference from controls, p<0.05) ethanol on freezing to the CS, F(3,28)=46.76, p<0.001. There was no significant interaction of ethanol and nicotine in either test, nor was there a significant difference in freezing during the pre-CS period (Fig. 4) .
Post hoc analysis revealed that groups in all drug conditions froze to the context significantly more than controls (p<0.05). There were no significant differences in freezing between groups administered nicotine, ethanol, or nicotine and ethanol. Post hoc analysis also revealed that the groups administered ethanol alone or ethanol and nicotine froze to the cue significantly more than controls (p<0.001), but the group administered nicotine alone froze at levels similar to controls, showing that acute ethanol enhances both contextual and cued conditioning at low doses, whereas acute nicotine enhances only contextual conditioning.
We next examined if chronic nicotine treatment altered the effects of 0.25 g/kg ethanol on fear conditioning. The levels of baseline freezing and immediate freezing were similar across Fig. 3 Both acute ethanol and withdrawal from chronic nicotine independently impaired conditioning (mean±SEM; asterisk indicates significant difference from controls, p<0.05; number sign indicates significant difference between nicotine and saline treatment within each ethanol condition, p<0.05) Fig. 4 Acute nicotine and a low dose of ethanol enhanced contextual conditioning in a nonadditive manner. The low dose of ethanol also enhanced cued conditioning (mean±SEM; asterisk indicates significant difference from controls, p<0.05) all groups. A significant main effect of ethanol on contextual freezing was found, F(3,27)=11.67, p<0.01; there were also significant main effects of ethanol, F(3,27)=19.96, p<0.001, and of nicotine, F(1,30)=7.40, p<0.05, on CS freezing, and a significant interaction of ethanol and nicotine on freezing during context testing, F(3,28)=4.66, p<0.05, but not during cued testing. There was no significant difference in freezing during the pre-CS period (Fig. 5) .
Post hoc analysis revealed that the group administered ethanol alone froze to the context and to the cue significantly more than saline controls (p<0.001). There were no significant differences in freezing to the context or to the cue between the chronic nicotine groups and the saline controls. However, nicotine blocked the enhancing effect of ethanol on freezing to the context; the group administered nicotine and ethanol was not significantly different from the saline controls. In addition, post hoc analysis revealed that the group administered ethanol alone froze to the cue significantly more than the group administered chronic nicotine and ethanol, whereas the latter group was not significantly different from saline controls (p<0.005). These results suggest that chronic nicotine treatment produces cross-tolerance to the enhancing effects of ethanol on fear conditioning.
Finally, we examined whether a low dose of ethanol would reverse nicotine-withdrawal-associated deficits in contextual fear conditioning. The levels of baseline freezing and immediate freezing were similar across all groups. Significant main effects of ethanol, F(3,36)=40.29, p< 0.001, and nicotine, F(1,38)=14.89, p<0.001, on freezing to the context at testing were found, as well as a significant main effect of ethanol on freezing to the CS at testing, F (3,36)=11.48, p<0.01, and a significant interaction of ethanol and nicotine on freezing to the CS, F(3,36)=4.18, p<0.05. There was no significant difference in freezing during the pre-CS period (Fig. 6) .
Post hoc analysis revealed that the group administered ethanol alone froze to the context and cue significantly more than saline controls (p<0.01), whereas the nicotine withdrawal alone group froze significantly less to the context (p<0.05). There were no significant differences in freezing between the ethanol-treated nicotine withdrawal group and the saline controls. These results indicate that a low dose of ethanol reverses nicotine-withdrawal-associated deficits in contextual conditioning. Interestingly, ethanol did not enhance cued fear conditioning in mice withdrawn from chronic nicotine, suggesting that the cross-tolerance that developed with chronic nicotine treatment lasts beyond cessation of nicotine treatment.
Effect of cued testing first
To determine whether the effects of ethanol and nicotine interact with the order of testing, we examined the effects of acute ethanol (0.25 or 1.0 g/kg) and nicotine (0.09 mg/kg) on fear conditioning when cued testing occurred 1 h before context testing. The levels of baseline freezing and immediate freezing were similar across all groups. A significant difference in freezing to the context at testing was found, F(3,28)=27.14, p<0.001, as well as a significant difference in freezing to the CS, F(3,28)=34.14, p< 0.001, but there was no significant difference in freezing during the pre-CS period (Fig. 7) .
Post hoc analysis revealed that the group administered saline and 0.25 g/kg ethanol froze to the context and to the cue significantly more than the saline alone group (p<0.05). The group administered saline and 1.0 g/kg ethanol froze significantly less to the context and the cue than the saline alone group (p<0.05). There was no difference in freezing to the context and the cue between the group administered 1.0 g/kg ethanol and nicotine and the group administered saline. Thus, the order of testing does not alter the drug effects.
Blood alcohol concentration
The effects of nicotine on BAC were examined. There were significant differences in the mean blood alcohol levels between groups, F(9,30)=236.03, p<0.001. Tukey post hoc analyses revealed significant differences in BAC between all doses of ethanol (p<0.001), but no significant differences within ethanol dose between groups administered saline or nicotine, suggesting that nicotine treatment did not significantly alter ethanol metabolism (Fig. 8) .
Discussion
Despite the frequent co-abuse of ethanol and nicotine, relatively few studies have examined the interactive effects of these drugs on cognitive function. The current study extends prior ethanol and nicotine research by demonstrating that the interactive effects of acute ethanol and nicotine shift as nicotine administration is changed from acute to chronic and into withdrawal from chronic nicotine. Acute nicotine interacted with only impairing doses of acute Fig. 6 Withdrawal from chronic nicotine impaired contextual conditioning, whereas a low dose of ethanol enhanced contextual and cued conditioning and reversed nicotine withdrawal-associated deficits in contextual fear conditioning (mean±SEM; asterisk indicates significant difference from controls, p<0.05) Fig. 7 Testing cued conditioning first did not alter the effects of either ethanol or nicotine on conditioning (mean±SEM; asterisk indicates significant difference from controls, p<0.05) ethanol to reverse ethanol-induced deficits in contextual and cued fear conditioning. Withdrawal from chronic nicotine interacted with only an enhancing dose of acute ethanol such that acute ethanol reversed nicotine-withdrawal-associated deficits in contextual fear conditioning. In addition, chronic nicotine treatment resulted in crosstolerance to the enhancing but not the disruptive effects of ethanol on contextual and cued fear conditioning.
Reversal of ethanol-induced impairments in learning by nicotine may be one factor underlying co-abuse of these drugs. As expected, acute nicotine enhanced contextual conditioning and reversed ethanol-induced impairments in fear conditioning, replicating and extending previous research (Davis et al. 2005b; Gould and Lommock 2003) by examining the effects of a full range of ethanol doses. Thus, smokers and even non-smokers may use tobacco in settings where alcohol is consumed to reduce the aversive effects of alcohol consumption. It should be noted that the current study does not provide experimental evidence that the interactions of nicotine and ethanol on cognition directly increase addiction or co-abuse. Whereas self-administration paradigms are essential to examining the craving and consumption of these drugs, our study focuses only on the cognitive effects of the drugs and proposes that one aspect of addiction and abuse may include cognitive changes induced by the drugs.
Reversal of the cognitive deficits associated with nicotine withdrawal by a low dose of ethanol may be another factor underlying co-abuse. In the current study, we found, as have other researchers (Gulick and Gould 2007; Hernandez and Powell 1986; Hernandez and Valentine 1990) , that low doses of ethanol enhance learning. Although there were no additive effects of nicotine withdrawal and high doses of ethanol on disruption of contextual fear conditioning, nicotine-withdrawal-associated deficits in contextual fear conditioning were reversed by a low dose of ethanol. Nicotine withdrawal may lead to increased ethanol consumption in an attempt to reverse withdrawal-associated cognitive deficits, but increased consumption of ethanol also induces cognitive deficits, which could lead to smoking relapse in an attempt to ameliorate ethanol-associated deficits, producing a downward spiral into co-abuse. This hypothesis is supported by findings that nicotine withdrawal is associated with increases in both alcohol craving and consumption (Palfai et al. 2000) , that the impairments associated with ethanol are reversed by nicotine (Gould and Lommock 2003; Lyon et al. 1975) , and, finally, that ethanol decreases the ability to limit nicotine consumption (McKee et al. 2006) . Despite these findings, it is important to remember that the cognitive effects of these drugs comprise only one aspect of co-abuse; alcohol and nicotine also act on the brain's reward system, and interactive effects on this system could increase consumption as well.
Chronic drug use is often characterized by the development of tolerance to the acute effects of the drug. Replicating previous work in our laboratory, we found that chronic treatment with a dose of nicotine that produced the same plasma nicotine levels as an acute dose of nicotine that enhanced contextual fear conditioning had no effect on contextual or cued fear conditioning (Davis et al. 2005a ). Interestingly, chronic nicotine also produced cross-tolerance to the enhancing effects of ethanol. Although studies have demonstrated that cross-tolerance can exist between nicotine and ethanol (Collins et al. 1988 (Collins et al. , 1993 , it has not been shown for the cognitive enhancing effects of ethanol until now. Considering that chronic nicotine treatment produces tolerance to the effects of nicotine on contextual conditioning, it is not surprising that in the current study, chronic nicotine failed to reverse ethanol-induced impairments in conditioning. This suggests that smokers may increase their chronic nicotine consumption in an attempt to reverse ethanol-induced impairments in learning. Fig. 8 Average blood alcohol concentration (mg/dl) 15 min after ethanol injection and 5 min after nicotine injection. Higher doses of ethanol produced significantly greater blood alcohol concentrations, but there was no effect of nicotine treatment on blood alcohol concentration (mean±SEM; bar indicates no difference in BAC)
Whereas the neural mechanisms underlying the interactive effects of ethanol and nicotine on learning are unknown, several potential molecular and cellular mechanisms exist. Nicotine acts primarily at nACh receptors, whereas ethanol acts on a wide variety of targets that include nAChRs (Bowers et al. 2005; Escher and Mittleman 2004; Larsson et al. 2002; Melia et al. 1996; Meyerhoff et al. 2006; Wehner et al. 2004; White et al. 2000) . Thus, ethanol may directly interact with nicotine by altering nAChR function; in support, ethanol stabilizes the open state of nAChRs, producing a twofold leftward shift in the acetylcholine response curve (Forman and Zhou 1999) . Ethanol also acts on many other receptors, including GABA A and glutamatergic NMDA receptors (for review see White et al. 2000) , and nAChRs have been shown to modulate both GABAergic and glutamatergic function (Alkondon and Albuquerque 2001; Gray et al. 1996) . Thus, ethanol and nicotine may interact by modulating GABAergic and glutamatergic function. In support, ethanol enhances NMDA-receptor-mediated activity at low doses and inhibits it at high doses (Lima-Landman and Albuquerque 1989); the ability of ethanol to dose-dependently potentiate or depress NMDA-receptor-mediated activity suggests that the action of ethanol on these receptors may underlie both the enhancing and impairing effects of ethanol on learning. Furthermore, research suggests that the cognitive enhancing effects of nicotine may involve interactions with NMDA receptors (Lewis and Gould 2005) . Thus, if higher doses of ethanol disrupt learning by inhibiting NMDA receptor function, nicotine could reverse this by facilitating NMDA receptor function.
The effects of nicotine alone, ethanol alone, or coadministration of these drugs on learning may also be mediated by different brain regions. Whereas nicotine alone altered only contextual fear conditioning (Gould 2003b; Gould and Wehner 1999; and present results) , which is hippocampus-dependent (Logue et al. 1997) , ethanol altered both contextual and cued fear conditioning (Celerier et al. 2000; Gould 2003a; Melia et al. 1996 ; and present results), both of which depend on the amygdala (Phillips and LeDoux 1992) . Enhancement of contextual fear conditioning by nicotine is due to actions in the hippocampus (Davis et al. 2007) , whereas ethanol may act on the amygdala to alter both types of learning. Furthermore, nicotine reversed ethanol-induced deficits in both contextual and cued conditioning, but only enhanced contextual fear conditioning, suggesting that these two effects of nicotine may involve different brain regions. Clearly, better understanding of the interactive effects of nicotine and ethanol will be gained once the underlying neural substrates are identified.
Finally, some studies have suggested that nicotine can increase the metabolism and elimination of ethanol, thus, decreasing peak blood alcohol levels (Chen et al. 2001 ), but we found no effect of nicotine on blood alcohol concentration, replicating previous research (Gould and Lommock 2003; Parnell et al. 2006 ). This apparent conflict can be explained by the differences in drug administration protocols. A recent study demonstrated that nicotine alters blood alcohol concentration after intragastric intubation, but not i.p. injection of nicotine, and only at higher doses of nicotine than those used in the current study (Parnell et al. 2006 ). These results suggest that a shift in ethanol metabolism is not responsible for the behavioral effects seen in this study.
In summary, the interactive effects seen in the current study suggest a cycle of drug co-use that could lead to increased consumption of both drugs. Ethanol and nicotine may initially be consumed for their rewarding properties, but more nicotine may be consumed to counteract the impairing effects of ethanol. Withdrawal from nicotine may increase ethanol consumption in an attempt to reverse nicotine-withdrawal-associated impairments; increased ethanol consumption could lead to increased nicotine consumption as ethanol-induced impairments recur. Finally, chronic nicotine produces tolerance to the effects of both nicotine and ethanol; thus, consumption of both drugs may increase to achieve the same effects that were initially achieved with lower levels of consumption.
